AFPE>^ DIX A: 
'*Clean*' Version of Substitute SpeciiRcation 

FUSION PROTEIN FUNCTIONING AS A MOLECULAR SW ITCH 

Back^oimd of the Invention 

[000 1 J The m vmtkm relates generaily to a fusion protem. 
h Techtitcat Fieid 
2. Related Art 

[0002] Ribonucieases are hycii-olase eiizyines that break linkages between nucleotides in 

ribomicleic acid. They are accordingly highly cytotoxic. A major probiem with their 
use as therapeutic agents, for exampie, as pharmacologic agents in the treatment of 
cancer, is tliat their cytotoxicity is iiidiscTiminaie. C'uTTeTitly available riboouclease 
pharmacologic agents kil l normal as well as neoplastic cells, and ihe side effects of their 
use can be severe. Additionally, currently available ribonuclease agents demonstrate 
poor bioavailability owing to their rapid degradation by the Hver and their difficulty in 
passing through both nonnal and neoplastic cell tnembranes. 

Summary of the Inventioii 

[0003] lire present invention comprises a fusion protein (and a method for die creation 

thereof), which fusion protein includes a ubiquitin insert protein having an insert 
regulator}' domain lying between an amino terminal and a carboxyl terminal of the 
ubiquitin insert protein, tlie ubiquuin insert protein being sasociated with a first qiiaHtity 
of free energy; and, a barnase target protein having a surfece loop that begins at an alpha 
carbon of an initial amino acid of the surface loop and terminates at an alpha carbon of a 
terminal amino acid of the surface loop, the surface loop comprising a target cytotoxic 
domain of the baraase target protein, the target cytotoxic domain being associated with a 
second quantity of tree energy, wherein, the ubiquitin insert protein is inserted at a point 
within the surface loop between the alpha carbon of the first amino acid of the surface 
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loop and the alpha carbon of the temikal amino acid of the surface loop, such liiat an 
aratno-carboxyl length of the ubiquitin insert protein is at least two-times greater than mt 
alpha carbon-alpha caj'bon length of the barnase target protein. 

Brief JPe scnatlo^^^ 

[0004] ¥l.G. I A is a schematic iilusiratton of an insert reguiatoiy domain of a ubiquitin 

insert protein in an unfolded conforraaiion. 

[0005] FIG. IB is a schentatic illustration of an insert regulatory domain of a nbiquitin 

insert protein in an folded conformation. 

[0006] FIG. IC is a schematic illustration of a conibnnation of a barnase target protein having a 
folded target cytotoxic domain in the shape of a wedge and having a surface loop, 

[0007J FIG. I D is a schematic illustration of a conformation of a bainase target protein 

Slaving an unfolded tai-get cytotoxic domain in the shape of a straight line and having a 

surface loop. 

[0008] FIG. IE is a schematic illustration of a ubiqnitin-bamase fusion protein capable of 

existing in two mutually exclusive conformations, 

[0009] FIG. IF is a schematic illustration of a ubiquitin-barnase fusion protein capable of 

existing !)i two nnnually exchisn e conformations, in which an equilibrium state has 
been inil uenced by the binding of a ligand. 

[000 1 0] FIG. 2A is a schematic illustration of a human ubiquitin molecule. 

[000 II] FIG. 2B is a schematic illustration a bamase molecule. 
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[0001 2] FIG. 3 is a graph of circular dicbrolsiii spectra of a abiquilin-baniase fusion 

protein as a function of temperature., showiiig temperatiire-indiiced conformatiotia! 
change in the staicture of ubtquttin-bainase fusion protein. 

[00013] FIG. 4 is a gifaph of the conversion an iibiquitin-barnase fusion protein from the 

baraase conformation to the ubiquitin conformation, monitored by eUipticity at 230 tim 
(open triangles, solid line) and bamase enz>'matic activity (closed triangles, dashed 
line). [>ines are for illustrative purpose only. 

[00014] FIG. 5 is a graph showing the denatnration of the barnase domain (10 "C, circles) 

and the ubiquitin domain (40 '^C, squares) induced by urea and guanidine hydrochloride 
("GdnHCl"), respectively. 

[000 15] FIG. 6 is a graph of a circular dichroism spectral recording at 40 degrees C, showing 
barstar-induced folding of the barnase domain and unfolding of the iibiquitin domain, 

[00016] FIG. 7 is a graph of a circular dichroism spectral recording at i5 degrees C, showing 
barstar-i nduced folding of tire bamase domain and unfolding of tlie ubiquitin domain. 

Detailed Description of the laveiitioii 



[000 1 7] The fusion protein of the present invention functions as a mutually exclusive 

folding domain molecular switch, possessing tlie following advantages: 

a) the mechanism of the fusion protein is inherently cooperative; and, 

b) the all-or-nothing action of the switching mechanism of the fusion protein assures 
that the fnsion protein behaves in a binary fashion; and, 

c) the switching mechamsm of the tiision protein is reversible; ;uid. 
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d) the position of a rectprocaliy fotding and vmiblding coiifornmtional equilibrivtm of 
the fusion protein, to be described hereiiiafter, cm be readily adjusted by extetaal 
factors. 

[0001 8] In their simplest form, proteins are polypeptides, i.e., linear polymers of amino 

acid monomers. However, the polymerization reaction which produces a polypeptide 
resiihs in the loss of one molecule of water ftora each amino acid. Consetjnently, a 
poh'l^epiide is more rigorousiy defmed as apoKiner of amino acid residues. Natural 
protein molecules may contain as many as 20 difXerent types of amino acid residues, 
each of which contains a distinctive side chain. 

[00019] An amino acid is an organic molecule containing an amino group ("-NH2") arid a 

carboxyiic acid group f '-COOH"), While there are many forms of amino acids, all of 
the important amino acids found in living organisms are alpha-amino acids. Alpha 
amino acids have their both their -COOH and -NHj groups attached to the same carbon 
atom, which is called the alpha carbon atom. 

[00020] Thus, all of tlie important amttio acids found in living organisms consist of an 

alpha carbon atom to which there is attached: 

a) A hydrogen atom; 

b) An amino groiip (-Nllj); 

c) A carboxyi group (-COOH); 

d) One of 20 diflerent "R" groups. 

[0002 1] It is the structine of the R group that distinguishes each amino acid structurally 

and determines its biochemical properties. Moreover, the structare and biochemical 
properties of a protein are dictated by the precise sequence of the amino acids in the 
polypeptide chains of which it is comprised. One end of every polypeptide, called the 
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amino temunal or N~tenmnat, has a free amino gioup (~NJ-I2). The other end, has a free 
carboxyl group (-C!OOH), and is caiied the carboxyl temiinai or C-tenninaL 

[00022] The particular linear .sequence o-i" amnio aci J residues in the poK peptide chain 

c(>rapnsing a protein dcftnes the prtnuu7 staicturc of that protein, Hoxs ever indi\ idual 
poKpeptides and groups of polypeptides undergo spontaneous sttuctural alteration and 
association into a number of reairring intermediate patterns such as, for example, 
helices, inchKlIng alpha helices, and sheets, including beta sheets These iccun iiig 
intermediate polypeptide patterns are referred to as a pioteui s st;L'oiid<ii) staicuue The 
spontaneous structura! alteration ai:>d association of pohpeptide chains ano a strcondau 
structure is detennined by the sequence of amino acids m the polypeptide chains and b> 
the ambient biochemical environment 

[00023] The helices, sheets, and other patterns of a protein's secondary' stnicture 

additionally tuuletgo a process of therniodynamicaUy-preferred compound folding to 
prod uce a three-dimensional or tertiary structure of the protein. The fully folded 
conformation of the protein is main tained by rela tively weak inter-atomic forces such as, 
for example, hydrogen bonding, hydrophobic interactions and charge-charge 
interactions. Covalent bonds between sulphur atoms may also participate in protein 
folding into a tertiary conformation by forming intra-molecular disulfide bridges in a 
single polypeptide chain, as well as by fonning intennolecular disulfide bridges between 
separate polypeptide chains of a protein. This abili ty of polypeptide chains to fold into a 
great variety of structures, combined with the large number of am ino acid sequences of a 
polypeptide chain that can be derived from the 20 common amino acids in proteins, 
confers on protein molecules their great range of biological activity. 

[00024] The tertiar) structure of a protein may contain a surface loop. As used herein, the 

term surface loop means a continuous length of polypeptide chain whose constituent 
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amino acids are in neither an aipha heJicai confonnatioti «or in a beta sheet 
coiifonnatioii, and can contact at least five water moiecules, as detefmiried by the DSSP 
computer progxaiB of Wolfgang Kabsch and Chm Sander, The DSSP, a program which 
is well known in the art, defines secondan' stmcture, geometrical features and solvent 
exposure of proteins, given atomic coordinates in Protein Data Bank format, which is 
also well known in the att. (W, Kabsch& C, Sander, "Dictionary of protein secondary 
stnictnre: pattern recognition of hydrogen-bonded and geometrical figures", 
Biopolymers 22, 2577-2637. (1983); See also, Centre tbr Molecular and Biomoleculai- 
Informatics, University of Nijmegen, Toernooiveld i, P.O. Box 9010, 6500 GL 
Nijmegen, +31 (0)24-3653391. 

[00025] Consistently with the foregoing definition, the term "surface loop" additionally 

means the target cytotoxic domain of the bamase target protein, beginning at an alpha 
carbon of an initial amino acid of the surface loop and terminating at an alpha carbon of 
a terminal amino acid of the surface loop. 

[00026] Protein folding occurs on a global level that endows the entire protein molecule 

with a tliree dimensional structure and surface topology. Protein folding also occurs at a 
local level at multiple sites upon and within a protein. Locally, folding may involve one 
or more polypeptide subimits of the protein to ei^dow different regions of the protein 
with different specific biological activities, or different specific molecular architectures, 
such as, for example, tashioning a location in a protein molecule into a receptor site for 
another molecule. 

[00027] As used herein, the tenri domain means the molecular structure of an entire protein 
inolecule or the molecular .structine of a patt, portion, or region of the naolecular 

structure of a protein nioiecule, including a part, portion, or region of the protein 
molecule's surface or the protein molecule's interior. A domain may refer only to a 
distinction in a protein molecule'' s structure, such as for example, an alpha helix or a 
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beta sheet. A domain may or may not have mi associated biologicai function, such as a 
regulatory, receptor, signaHng, active, catalytic, or other biological function. A domain 
may fiirther be associated witli a free energy, i.e., a thermodyftamic state flinction. that 
indicates the amount of energy th&t stabilizes the domain when the protein, or part 
thereof, with which the domain is associated is in a folded configuration. All of part of 
the free energy may be available for the domain to do biochemical work. 

[00028J Because the folding of a protein moiecole is both a global and iocal process, it can 

endow a protein molecule mth both global and local structiwal and biological properties, 
such as, for example, an enzymatic activity, or a capacity and specificity for binding 
other proteins, such as antigens. Consequently, the biological functions of a protein 
depend on both its global folded tertiary structure, which is also called its native or 
folded conformation, as well as tlie folded structure of regions of the protein. 
Conversely, a global or local unfolding of a protein deactivates its global or local 
biological activity. An unfolded, biologically inactive protein is said to be in a 
denatured or vmfolded conibrmation. 

[00029] Many proteins are comprised of domains that communicate with each other by 

means of conformational changes in the structure of the protein of which they are a part, 
in order to activate or deactivate a biological function. For example, in the case of a 
protein that is an enzyme, ligand binding or phosphorylation can serve as a switching 
meclianism to induce structural changes within the enzyme's regulatory domain, which 
then triggers activity in the enzyme's catalytic domain. 

[00030] Another type of switching mechanism is illustrated in vivo by proteins that are 
unfolded in physiological conditions but fold upon binding to a cellular target. In this 
moL'Cuiaf ;.\vitch!ng meclianssm. the foiainc ai:d ucr^iusaj: of a iegulaiots domam ofa 
prcitotn HKxhilates the futicti(m of the protein vi;i propagation of .structtn ai changes to its 
active domain. 



Serial No. 10/802,516 



25 



[00031] 



'Ilie fusion protein herein is s>iithesixed from; 



a) a ubiquitin insert protein having an insert regiilatory domain lying between an 
amino terminal and a carboxy! terminal of the ubiquitin insert protein, wiiich 
insert regulatory doraain is associated widi a first quanti ty of free energy; and, 

b) a barnase target protein ha ving a surface loop that begins at an alpha carbon of an 
initial amino acid of the surface loop and tenninates at an alpha carbon of a 
tenninal amino acid of the surface loop, which surface loop comprises a target 
cytotoxic domain associated with a second quantity of free energy. 

[00032] The amino terminal of the ubiquitin insert protein is spatially separated from the 
carboxyl terminal of the ubiquitin insert protein by a linear (i.e., straight line) distance 
known as the amino-carboxyl length (hereinafter, the "N-C terminal length") of the 
ubiquitin insert protein, that is measured when the ubiquitin insert protein is in its folded 
confonnation; see, e.g. do\ible-headed arrow in FiG, 2A. The alpha carbon of tire initial 
amino acid of the surface loop of the bamase target protein is spatially separated from 
tlte alpha carbon of the terminai amino acid of the surface loop of the barnase target 
protein by a linear (i.e., straight line) distance known as the alpha-carbon-alpha-carbon 
length of the surface loop of the bamase target protein (hereinafter, the "Calpha-Calpha 
length"), that is measured when the bamase target protein is in its tblded conformation; 
see, e.g. double-headed arrow in FIG, 2B. 

[00033 J The molecular structure of the ubiquitin-bamase fusion protein is engineered so 
that, at any time, the folding of the ubiquitin insert regulatory domain necessarily 
imfolds the barnase target cytotoxic domain, atid vice versa, thereby tnaking the folded 

and unfolded states of the insert regulator)- and target cytotoxic domain mutually 
exclusive. This mutual exclusion of concurrently folded or concurrently unfolded states 
is accomplished by the insertion of the ubiquitin insert protein into the surface loop of 
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the barnase target protein subject to a novel sft iictural design criterion wherein the N-C 
terminal length of the ubiquidn insert protein is at least two-times greater than the 
Calpha-Calpha lengtli of the surface loop of the barnase taiget protein. 

[00034] The present invention is thus a fusion protein that fiinctions as a molecular switch 
wherein the free energy released by tlie folding of the ubiquitin insert regidatoi>' domain 
of tlie fusion protein drives the unfolding of the bamase target cytotoxic domain-of the 
fusion protein, and vice versa. 

[00035] Subject to this novel structural design criterion, a dynamic state of thermodynamic 
and structural equilibrium is established in the fusion protein that disenables tlie 
regulatory insert domain of the ubiquitin insert protein and the cytotoxic target domain 
of the bamase target protein from simultaneously co-existing in their natix'e folded 
states, 

[00036] Accordingly, any excess free energy present in one of the two domains that is not 
necessary to stabilize its folded configuration is sporuaneoiisly tamsfen:ed, through the 
structure of the fusion protein, to the other of the two domains to unfold it from its 
folded configuration, and vice versa. In effect, tlie excess free energy stored in the 
folded conformation of one domain is used to drive the unfolding of the other domain; 
and, the molecular structitre of the fusion protein is engineered to create a dynamic state 
of thennodynamic and correlative strucixual equilibrium that is determined by the 
relative thermodynamic and stiuctural stabilities of the two domains. 

[00037] Viewed ano titer way, the molecul ar slmcture of the ftision prote in i s engineered to 
create a molecular switch by creating cooperatively folding-unfolding subunits 
comprising two protein domains, which two domains cannot simultajieoitsly exist in 
their folded states. This scheme is depicted in FIGS, 1 A ~ F, 
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[00038] FIG- 1 A is a schematic iilustratioii of aii iwseit reguiatoiy doinaift of a abiqiiitm 

insert protein m an unfoided conformation. In FIG. lA, ubiquitin insert protein 51 , 
having an amino terminal 21 and a carboxyl teTTniaal 22, exists in an iinfoMed 
confonaation 20, thereby forniing an unfoided insert regulatory domain, sclieraaticaliy 
iliustrated as a hatched ribbon tiiat is coincident with the extent of ubiquitin insert 
protein 51, 

[00039J FIG. 1 B is a schematic iihistration of an insert regulatory domain of a ubiquitin 

insert protein in an folded conformation. In FIG. IB, ubiquitin insert protein 5 1 , having 
an amino terminal 21 and a carlTOxyl terminal 22, exists in a folded conformation 23, 
thereby fbrniing a folded insert regulatory domain, schematically illustrated as a hatched 
double-crossed ribbon that is coincident with the extent of ubiquitin insert protein 51, 
and folds to form indentation 24 . 

[00040] In Fig. 1 refeieiice numeral 25 refers to the aniino-carbo.vyi length of insert 

regulatory domain of insert protem barnase in its folded conformation (conesponding to 
double-headed arrow labeled 38 A in Fi C-s. 2A). The amino-carboxyl length of the insert 
regulatory domain of insert protein barnase in its folded conformation is synonymous 
w4th the N-C terminal length of the labeled 38 A in FIG. 2A). The amino-carboxyl 
length of the insert regulator^' domain of insert protein barnase in its folded 
confonnation (also corresponding to double-headed arrow labeled 38 A in FIG. 2A). 

[00041 ] In FIG. IC. there is shown schejrtatically a folded conformation 26 of a baraase 
target protein 41 ha\'ing a folded target cytotoxic domain in the shape of a wedge 46. 
BariJase target protein 41 also has a smiace loop 27, schematically shown as a nearly 
full circle, arising from an alpha carbon of an imtial amino acid of the surface loop, 

forming a beginning 28 (of a first arm 29) of wedge 46, and ending at an alpha carbon of 
a terminal amino acid of the surface loop, fonning an end 30 (of a second arm 3 1 ) of 
wedge 46, 
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[00042] Also shown schematically in FIG. IC is Hne 45, represeming the (straight) Capiha- 
Calpha length of the surface loop 27, 

[00043] In FIG. ! D, tliere is shown schematically an unfolded conformation 32 of bamase 
target protein 41 in which fbldetl target cytotoxic domain 46 (of FIG. IC) has imfolded 
into the shape of strait>ht line 56 Unfolded conformation .^2 of bamase target proteni 4 1 
alrio hd> j<tutace loop 27, now shown ai. a lialf-cncic .lu'iing fioni ihe alpha uuboti 
lomung the begnnnug 28 ot ihe stiajght itne 5t) and ending at the alpha carbon fonunig 
the end 30 of the straight line 56. 

[00044] In FIG. 1 E, there is shown schematically a iibiqiiitin-bamase fusion protein 35 

including ubiquitin insert protein 51 inserted into surface loop 27 of barnase target 
protein 41 , which nbiquitin-bamase foston protein 35 is capable of existing in two 

mutuaily excUisive contbmiations 351.. and 35R, representing the mutually exclusive 
binary states of die ubiquitin-barnase fusion protein 35. 

[00045] ITie image to the left of the antiparallel arrows 36 of FIG. IE shows exclusive state 
35L of ubtquitin-bamase fusion protein 35, wherein ubiquitin insert protein 51, with its 
insert regulatory domain in imfolded (hatched ribbon) conformation 20, (as shown in 
FIG. lA), has been inserted into surface loop 27 of barnase target protein 41 with its 
target cytotoxic domain in its folded conformiJtion 46, (as shown in FIG. i C). The 
image to the right of the antiparallel arrows 36 of FIG. I E shows exclusive state 35R of 
ubiquitin-barnase firsion protein 35, wherein ubiquhin insert protein 51, with its insert 
regulatory domain in its folded (hatched double-crossed ribbon) conformation 23, (as 
shown in FIG . 1 B), inserted into sur-face loop 27 of barnase target protein 41 witJi its 
target cytotoxic domain in its unfolded (straight line) conformation 56 (as shown in FIG. 
ID). 
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[00046] In FIG. \ F, fusion protein 35 is again shown schematicaUy existing in two 

mutually exclusive confonnations 35L mid 35R, representing the mutually exchisive 
binary states of-fusion protein 35. However, the dyrsamic equilibrium existing between 
conforaisations 35L and 35R has been shifted to the right by the binding of exempSary 
ligand 40 to the indentation 24 of insert regulatory domain of protein 51 in folded 
conformation 23, 

[00047J ]f iiisert regulaton' domain of ubiquitin insert protein 5 1 in folded conformation 23 
(FICI IB and FIG. IE Right) is more stable than target cytotoxic domain of baniase 
target protein 41 in its folded confonnation 26, (FIG. IC and FIG. IE Le.ft), then insert 
reguiatoty domain of ubiquitin insert protein 51 in folded coafomiation 23 (FIG. I B and 
FIG. IE Right) will have an excess of free energy with which to forcibly stretch and 
unfold folded conformation 26 of target cytotoxic domain of bamase target protein 41 
(FIG. IC and FIG. IE Left), thereby unfolding wedge 46 into line 56, and yielding 
ubiquitin-bamase fusion protein 35 in state 35R. 

[00048] If target cytotoxic doriiain of barnase target protein 41 in iblded conformation 26 
(FIG. IC and FIG. 1 E Left) is more stable than imert regulatory domain of ubiquitin 
insert protein 51 in folded conformation 23 (FIG. IB and FIG. IE Right), then target 
cytotoxic domain of bamase target protein 41 in its folded confonnation 26 (FIG. I C 
and FIG. I E Left) will have an excess of free energy with which to forcibly stretch and 
unfold iiisen regulatory domain of-ubiquitin insert protein 5 1 in folded conformation 23 
(FIG. I B and FIG. I E Right), thereby folding line 56 into wedge 46, and. yielding 
ubiquitin-bamase fnsion protein 35 in state 35:L. 

[00049] In this manner, the ubiquitin-bamase fusion protein fuUy exploits the free energy 

stored in tlie folded confoimaiion.s oithi .ro-tmcru-^ncd ^uniasns, a.^ as tht- 
inherent cooperativity of reciprocal domain folding, to create a mo!t;cu!ar switch ot 
unprecedented efficiency. 
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[00050] 'llie ubtquitin-barnase fusion protein is a novel and powerfij! approach to 

understanding the fundamental mechanisms of allosteric switching in moiecular biology 
and for the developing diagnostic and therapeutic proteins with novel capabilities, 
possessing the following advantages: 

a) the mechanism of the molecular switch it is inherently cooperative; aad, 

b) the all-or-nothing action of the mechanism of the molecular switch assures that it 
behaves in a binary fashion; and, 

c) the switching mechanism is reversible; and, 

d) the position of the foMing/unfoMing equilibrium can be readily adjusted by 
external factors, 

[0005 1 ] For example, When present at 1 vnM concentration, a Hgand that binds to a protein 
with a dissociation constant of 1 nM, will stabilize the native confonnation of the 
protein by as much as RT " ln(10 '), or 4.2 kcal moF' at 37 degrees C. This value is 
comparable to the total free energy change of folding for many proteins. 

[00052] As indicated, barnase is a highly cytotoxic ribonuclease that breaks linkages 
between nucleotides in ribonucleic acid. A major problem with its use as a 
pharmacologic agent, e.g., in the ireatnient of cancer, is that its cytotoxicity is 
indiscriminate. Currently available ribonuclease pharmacologic agents, such as barnase, 
kill normal as well as neoplastic cells, and the side effects of tiieir use can be severe. 



[00053 J Because, the regulatory domain of nbiquiiin and the cytotoxic domain of baitiase 
cannot simultaneously co-cxisi i.n iheh .folded states, the regulatory do.maio of abiquitin, 
may be used to regulate the cytotoxic activity of barnase. Moreover, tlie ubiquitiu and 
barnase domains participate in a cooperative and reversible conformational equilibrium 
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that may be mfiuenced and controlled by a variety of contioilabie effector signals such 
as, for exaraple, Ugand binding, pB, temperature, chemical denatiirams, or the presence 
of stabilizing or destabilizing mutations in either the bamase or ubiquitin domaiiis. 

[00054] The two-domain, bi-flmctiona! ubiquitin-barnase fusion protein is not limited to 

the insertion of a ubiqiutin insert protein into a bamase target protein having only one 
domain or only one biological function. The two-domain, bi-functionaUjbiqoitin- 
barnaso fusion proiein_disclosed herein comprises cases wherein one or more exemplary 
insert proteins is inserted inki one or more surface loops of exemplary target proteins 
has mg muittple domains and multiple biological functions, the effect of these insertions 
being to form a one or more cooperatively folding-mitoldtng subunits in the resultant 
fusion protein, each comprising two protein domains, which two domains cannot 
simaitaneously exist in tlieir folded states, thereby forming one or more cooperative, 
reversible, molecular switches in the same fusion protein, each of which is responsive to 
different contronable effector signals such, as, for example, ligand binding, pi !, 
temperature, chemical denaturants, or tlie presence of stabilizing or destabiii:siBg 
mutations in the domains. 

100055] To create tlie two-domain bifunctiona! ubiquitin-barnase fusion protein, the 

inventors herein inserted the hisman ubiqoitin molecule having one regulatory domain, 
into a selected surface loop of the barnase target protein, which surface loop has one 
catalytic (or cytotoxic) domain. 

[00056] The exemplary insert protein, humaji ubiquilin, is a protein having one regulatory 
domain, and one biological function, that of serving as a signal ing marker or Hag. 

[00057] The exemplaj^ target protein, barnase is a rsbonuclease produced exclusively by 
the bacterium Bacilius amyloliquefaciens. Bamase has one catalytic domain that is 
functionally cytotoxic to all mammalian cell types. 
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[00058] FIG. 2A is a schematic iUustration a moieciiie of human ubiquitin. The sheet-iike 
arrows and ribbons :n i-K) I \ jepfesoiu b-'Li -nidnd^ and nlphs hehce'^, respectivels 
The noodle-Hkt; strands tn ti?t' protein ajo loops and turns of the ubiquitin moiecuSe In 
FfG, 2A, the N-C terminal length irom ubiquitin is about 3S A in its folded 
conformation, as indicated by tlie double-headed straight-Une arrow bearing the bearing 
the legend "38 A", a magnitude that measures the straight-line distance between an N~ 
termmal amino acid at which one arrowhead begins and a C-temiinal amino acid, at 
which the opposing arrow head ends. 

[00059] FIG. 2B is a schematic illustration a bamase molecnle. llie sheet-like arrows and 
ribbons in FIG, 2A represent beta strands and alpha helices, respectively. The noodle- 
like strands in the protein ai"e loops and turns of the barnase molecule. The bamase 
molecule has a surface loop in which the Calpha-Calpha length, measured from alpha- 
carbon of the !oop amino acid proline in the number 64 position ("Pi o64") to the alpha- 
carbon of the loop amino acid threonine in the number 70 position ("Thr70"' ) is about 
10.4 A, with the barnase molecule in its folded conformation, as indicated by the 
double-headed straight-line arrow bearing the legend "10.4 A", a magnitude that 
measures tlie straiglit-line distaiice between an alpha carbon at which one arrowhead 
begins, and another alpha carbon, at which the opposing arrow head ends. The asterisk 
in FIG. 2B represents the point at which the ubiquhin molecule, shown in FIG. 2A is 
inserted between amino acid residue 66 and amino acid residue 67 of bamase. 



[00060J The exemplary insert protein ubiquitin and the exemplary target protein barnase 
satisfy the novel structural design criterion that the straight line N-C tennina! length of 
the exemplaiy insert protein be at least twice tlie straight line Calpha-Calpha length of 

the exemplary target protein surface loop selected for insertion. In the exempiary fusion 
protein resulting from the insertion of theexempiary insert protein ubiquitin molecule 
into tlie surface loop of the exemplar^' target protein bamase, the foregoing structural 
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design criterion is satisfied. 



[00061] ( onpeqiienti} , the f o^uliton Jomsin t)f ubic|uiiin and the cnt^iK ifc domEtm of 

harnase cannot .sjimtitancoDsK co-exist m their rokleil states, and, tiie regulatui-v doiiiain 
ot ubK]Uitin, mav be used to regulate the cytotoxic activity of baniase. Moreover, tlie 
ubiquitin antl bamase domains participate in a cooperative and reversible 
conforraatiojmi equilibrium, that may be influenced ajid controlled by a variety of 
controllable effector signals such as, for example, ligand binding, pH, temperature, 
chemical denaturants, or the presence of stabilizing or destabili^iing mutations in either 
the harnase or ubiquittn domains, 

[00062] The ubiqiiitin and bamase genes are created by annealing and ligating synthetic 
oligonacieotides Ontegrated DNA Technologies) according to standard protocols. 

[00063] The ubiquitin-barnase fusion gene is made by first adding an exempiaiy five amino 

acid iiuker (Gly~Thr-Giy-Gly-Ser) between the Lys66 and .Ser67 codons of the barnase 
gene. The inserted DNA contains exemplary Kpnl and BamJU restriction sites that are 
used to introduce the ubiquitin gene. 

[00064] The exemplary five amino acids of the exemplary linker individually serve as 
short, fle-Kible linkers at the points of attachment. The ubiquitin gene is insetted 
between the Thr and Gly codons of tlie linker. 

[00065] All genes are fully seqitenced to verify tlieir integrity. 

[00066] An interim ubiquitin-bamase fusion expression plasmid pE TMT is created by 

using exemplary Ndel and Xhol enzymes to insert tlie ubiquitin -bainase fusion gene into 
a plasmid, such as, for example, a pET25b(-^) plasmid (Tvlovagen), or any other T7 
proraotor-containing plasmid that also confers resistance to an antibiotic other than 
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ampicinin. 

[00067] In order lo make tbt pla.^njj stable sn 1- coU. ihe i^ent; ioi barMfir ihe miraceHLiiar 
inhibitor of bainase that is co-cKprcssed w uh barnasc b> f^acilluh amyiuiiquefacit-ns 
(togetiier with its natural promoter fron^ BaciiUis atnyloliquctack'n^), is clca\ od out of 
an exemplar^' pMT1002 plasmid (gift of Dr, Y. Bai, National [nstitutes of Health), or 
any otlier T7 promoter-containing plasmid that also confers resistance to mi antibiotic 
other than ampicillin, with Clal and Psti: enzymes. The barstar gene is then placed 
between C'ial and Psti restriction sites on the pETMT plasmid (prior to this step, tirese 
sites are introduced using the QuikChange mutagenesis kit (Strategene)). 

[00068] In order to obtain miiiigram quantities of the libiquitin-baniase fusion protein, it is 
necessary' to increase celltiiar levels of barstar and purify the inactive iibiqiiitin-baniase 
fosion-barstar complex. Accordingly, the barstar gene is cloned into an exemplary 
pET41 plasmid (Novagen), thereby phKifig it unihr control of a T7 promoter and 
conferring tipon the transfonned cells resistance to kanamycin or any otirer atitibioiic 
other than ampicillin. 

[00069] E. coii BL21 (DE3) cells are transfomied with both plasmids, grown in a 

temperature range between about 20 degrees C and 37 degrees C in exemplary Lwria- 
Bertaiii medium containing ampicillin and kanamycin to OD600 = 1 .0, md induced 
with 100 mgfl. IPTG. Bacteria are harvested about 2 tol2 houns later by centrifugation. 

[00070] Ceils are lysed in about 10 mM: sodium phosphate {pil 7.5) by repeated freeze- 
thaw cycles in tlve presence of a small amount of lysoxyme at a concentration of about 
iysoijyme is 10 mg/liter. Exemplary DNase i (Sigma) at a concentration of about 10 
mg/!iier j-? dKn added to tfUuvc ^ i-w-^u. .nu fic soli j-^n l^ ctntrifu^td to !(.mu\e 
insolubics 8 M utca js added to the snpernatanf to diNi>ociafe hound hajsT.iK whjch n 
subsequentK removed by passing the solution through DE52 resin (Whatman) or a 
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substaiitiany equivaleiu anion exchange chroTOatography resin. The soiution is then 
baded onto a OiTrap heparin column (Amershani-Pharmacia) or substantially 

equivalent cation exchange coiiimii, washed with 1 0 mM sodium phosphate (pH 7.5) 
and 6 M urea, and ekited with a 0-0.2 M NaCl gradient. 

[0007 1 ] Western blot analysis using anti-obiqiHtiii antibodies is used to show that the major 
impurities are truncated ubicinitin-barnase fusion protein products in which the ubiquitin 
domain, which is unfolded m die ubiqiiitin-bainase fusion proteiii-barstar complex, is 
pariiaUy digested. These proteins, however, ehite signiticantly later than the intact 
ubiquitin-barnase fusion protein in tlie NaCl gradient. The ivrea is reinoved by dialysis 
against doubie-distilled water, to yield barnase-iibiquitin fusion protein that is 
approximately 95% pure as judged by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, 

[00072] To confii m the switching niecha nism of the ubiquitin-barnase fusion protein, and 

to characierixed its structure, stability, and enzvinatic function, experiments were 
perfbnned by the inventors herein upon the purified ubiquitin-barnase fusion protein, 
obtained as described hereinabove 

[00073] All experiments were performed in 10 mM potassium phosphate fpH 7 5). 0, i M 

NaCi. The circular dichroism ("CD") spectra are shown m FIG ^ as a function of 
temperature. In FIG 3., circles and squares indicate 5 °C and ^0 ( ~ io^pev.(!\ch , other 
scans were recorded at 5 °C increments between these two linuts. Beicns' 20 ' C. the 
baraase-ubiquilin fiision protein exhibits molar ellipticities and spectral featmres nearly 
identicalto those of barnase, A particularly diagnostic characteristic of bamase that is 
also observed for the baniase-ubiquitin fusion protein is a minimum at 23 1 nm attributed 
to Trp94. As teraperature is increased, however, the spectrum shifts to one that strongly 
resembles libiquitin. The 23 i nm minimum disappears, and the position and moiar 
ellipticit>'- of the new miniminn are consistent with native ubiquitin. 
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[00074] FIG. 4 siiows a graph of the coftversion a ubiquitin-baniase fijsion protein from the 
bamase confomKatioTi to the ubiquitin conformation, monitored by eilipticity at 230 iim 
(open triangles, solid line) and barnase enzymatic activity (closed triangles, dashed 
line). Lines are for illustrative purpose only. Activities were deteraiined by recording 
initial velocities in triplicate (2 mM abiquititi-bamase fusion protein, 50 mM 
gua«yly!(3 -5)uridine 3 -rtjonophosphate ("GpUp")) and are normalised to the largest 
vahie. As can be seen from FIG. 4, the ti'ansition is tnily reversible and has a midpoint 
of aboui 30 degrees C. Further, it appears to be two-state; an isodiciiroic point near 223 
nm is apparent, and plotting the transition at different wavelengths yields identicai 
midpoints. 



[00075] The temperature-induced transition from barnase to ubiquitin is consistent with ttie 
higher thermal stability of ubiquitin. Ubiquitin and bamase unfold with midpoints of 
about 100 degrees C (pH 7) and 55 degrees C (pM 6.3) respectively. The possibility that 
the ubiquitin and ba-rnaae domains are sinvultaneousiy folded is ruled out by tiie 
observation that the molar eMiptictty of the ubiquitin-baraase fusion protein never 
exceeds that of the individual proteins at m\y wavelength or temperature. 

[00076] To further test the mutual exclusivity of ubiquitin and bamase domain folding, the 
inventors herein monitored urea-induced denattuation by Circular dichroism and ftp 
fluorescence. Ubiquitin and bamase contain zero and tJiree Trp residues, respectively. 
Fluorescence is therefore expected to report primarily on structural changes within die 
bamase domain, whereas Circular dichroism reports on both domains. FIG. 5 is a graph 
showing the denaturation of the bamase domain (10 degrees C, circles) and the 
ubiquitin domain (40 degrees C, squares) induced by urea and guanidine hydrochioride 
C'GdnBCI"), respectively. Data were collected by Circular dichroism at 230 am (open 
symbols, black lines) or by Trp fluorescence at 320 nm (closed symbols, grey line). 
Lines represent best fits to the linear extrapolation equation. At 10 degrees C, the 
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Circular clichroism and Ouorescence curves reveai a single cooperative vmfolding 
transition. It appears to be two-state; theritiodynamic paiameters obtained by fitting 
both data sets to tite linear extiapolation equarion are identical within error (DG = 4J ± 

0. 2 kcalxmoM, m - 2.2 ± 0.1 kcalxmol- l xM4, Cm = 2.3 ± 0.05 M). The fact that only 
one transition is apparent by Circular dichroism confirms that only one domain is 
folded. The agreement between Circular dichroism and fluorescence curves indicates 
that this domain is barnase. 

[00077] If the situation is reversed by raising temperalure above 30 degrees C, addition of 
denatnram at 40 degrees C is predicted to generate an unfolding transition by Circular 
dichroism but no transition by fluorescence. 6 M uiea failed to produce a change in 
either spectrum. Addition of the stronger denaturant guanidine hydrochloride, however, 
yields the expected Circulai" diciiroism unfolding transition witli the following 
thermodynamic parameters: DG ~ 8.5 ± 0,1 kcalxmol-l, m ~ 2,5 ± 0,1 kcalxmol-l x M- 

1 , Cm - 3.4 ± 0.05 M, as shown in FIG. 5. 

[00078J In contrast to molar eliipticity, fluorescence emission at 320 nm does not change 
signitlcantly as a function of guaniditie hydrochioride concentmtion, suggesting that the 
barnase Trp residues are solvent exposed at all denaturant concentrations. This 
conclusion is supported by the finding that the wavelen^h of maximum emission 
remains constant at 356 nm, the value for unfolded barnase. At 10 degrees C, tliis 
wavelength shifts from 340 nm in the absence of denaturant to 356 nm in 6 M urea. 
These data prove that: 

a) folding of the barnase domain induces unfolding of the Ubiquitin domain, and 

vice versa; and, 

b) temperature provides an efficient switch between the two folded conformations of 
the ubiquitin-bamase fusion protein. 
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[00079] To detejmme how tightly folding of the ubiqiiitm domain coupled lo unfolding 
of the bainase domain, the vHveiitofs herein measured the enzvinatic activits' of the 
\fhiquitui baiiia i. ^ u p ^ \ n i a r r o i ^ '■c TipeTfinue usina the NubMiat^ 
guanvl\U^'~'^'}utidinc > -monophosphatt '\^ ^ho\\n m i {G 4, loss ,4 ]ho bainasc- 
ubiquitui fiiMon piotcm actn its in the ubiquUm-bama>>c flisson piotem minors th^- 
structiiral conversion from bamase to ubiquitin, aithough the apparent midpoint of the 
former transition occurs at a higher temperature. 

[00080] A likely reasoji is that substrate binding in tbe enzyme assays preferentially 

stabilizes the baroa.se domain. The complete loss of bamase activity above 50 degrees 
C, together with the molar eUipticity values shown in FIG. 3, provides strong evidence 
that ubiquitin domain folding induces complete unfolding of the baniase domain, 

[0008 1 ] The preceding experimental results suggested to the inventors herein that 

temperature can be used to regulate cytotoxicity of the iibiquitin-bamase frision protein 
in vivo. The inventors herein tested this prediction by transforming E. coli with a 
ptasmid containing the ubiquitin-bamase fusion protein gene under cotUrol of an 
isopropyl b-D-tliiogalactopyranoside C'JPTG")-ittduced T7 promoter. Like barnase, the 
ubiquitin-barnase fusion protein is extremely iethal. The plasniid was found to be 
unstable in ail strains of E, coli, including those tliat do not harbor the T7 RNA 
polymerase gene. Very few transfonnants were consistently recovered, and in each case 
the ubiquitin-bamase fusion protein gene was found to contain jframeshift or nonsense 
mutations in the bamase coding region. 

[00082] To overcome this problem, the inventors herein inserted the barstar gene and its 
natural promoter from Bacillus amyioliquifaciens into the foregoing plasmid, thereby 
creating a pETMT piastnid that is stable in E, coli. 

[00083] As shown in Table i herein belovi', wherein figures are the averages with standard 
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deviations are obteined from five plates, tar fewer coloiues were obtained when plates 
were grown at 1 5 degrees C compared to 37 degi ees C. Moreover, 36 mg/m L IFFG 

was siifficieot to kill nearly ail of the bacteria at 15 degrees C, whereas 143 mg/mL 
IPTG was required to achieve a comparable result at 37 degrees C. 

TABLE 1 

Cytotoxicity of the barnase-nbiquitin fusion protein as a function of temperature and 
isopropyl-P-tMogaiactopyranosidecoBce»tratioi» 



N«tnber of coionies at indicated concentration of IPTG 





0 mg/nil. 


9 mg/ml. 


18 mg/inL 


3 6 mg ml 


72 mg/m! 


14^ me/inl 


15 


14 ± 5 


35 ± 18 


39 ±4 


0 3 ±05 


0±0 


0± 0 


37 


160 ±40 


250 ± 60 


257 ±40 


274 ± 30 


12 ±4 


0.60 ± i 



100084] 'Hiese findings reflect the temper ature-mduced conformational shift froin the 

barnase-form of the ubiqtiitin-baraase fosion protein to the ubiquitin form. Funlier, they 
demonstrate that the ubiquitin-bamase fusion protein/Zi, coli system is hi^ly responsive 
to the relative stabilities of the two domains within the temperatiire range of bacterial 

growth. 

[00085] "Nativeiy-unfoided" proteins contain subunits that are imstructuied or partially 

structiu'ed in physiological conditions, llie free ener^ of folding is provided by ligand 

binding interactions, and the resulting conformational change is used to modidate 

function of distant domains. The ubiquitin-bamase fusion protein captures this property 

as well When barstar is added to the ubiquitin to form of iibiqoitin-bamase fusion 

protein at 40 degrees C, a confomiational change is observed. FIG. 6 is a graph of a 
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circular dichroisni spectral recording at 40 degiees C, sliowiiig barstar-induced folding 
of the bamase domain and unfoiding of die ubiquitin domain. . Dotted lines represent 1 0 

mM The barnase-ubiqiiitin fusion protein irs the absersce and presence of 12.5 mM 
barstar, respectively. Black lines were generated by subtracting the circular dichroism 
spectra of free barstar. 

[00086] The circular dichroism spectrum of the ubiquitin-bamase fusion protein-barstar 

conipiex, after subtracting the spectrnm of tree barstar, resembles tbm of the ubiquitin- 
baiuase fiision protein at 15 degrees C. FIG. 7 is a graph of a circular dichroism spectra! 
recording at 15 degrees C, showing barstar-induced folding of the bai-nase domain and 
unfolding of tire ubiquitin domain.. Dotted lines represent 10 niM The barnase-ubiquitin 
fusion protein in the absence and presence of 12.5 mM barstar, respectively. Black lines 
were generated by subtracting the circular dichroism spectra of free barstar. The Wo 
are not identical, apparently because of minor structural differences between the free 
and bound states of bamase and/or barstar. However, Circnlar dichroism spectra of the 
ubiquitin-barnase fusion protein-barstar complexes at 40 X and 1 5 'C are virtually 
indistinguishable. This result signifies that ubiquitin domain. 

100087] Accordingly, the inventors herein have demonstrated tltat the folding free energy 

of one protein domain can be used to drive unfolding of another. Because folding is 
reversible and inherently cooperative, this mechanism constitutes an efficient and 
responsive model tor a mutually exclusive domain folding niolecitlar switch for, inter 
alia, conpHng conformational change to protein function. The cytotoxic activity of 
baraase in the present invention provides the basis for several novel applications. For 
example, stability-enhanced ubiquitin variants can be rapidly identitled from 
combinatorial libraries by their ability to allow colt to survive at temperatures less 
than 30 degrees C in the presence of 36 mg/mL IPTG, 

[00088] A major advantage tlrat this fusion protein aflords over other directed evolution 
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techniques, such as, for exaiiiple, phage display, is thai tlie entire selection takes place 
inside a living bacterium, and stabiiizing tnutations are sorted from destabilizing 
mutations in the most efficient and decisive manner possible, This fusion protein is 
general and can be applied to oti^er proteins, iiiclnding tiiose too large to be expressed 
on tlie phage surface. If necessary, known stabilizing or destabilizing mutations can be 
inti oduced into the baraase domain in order to make tlie target protein optimally 
responsive to tire inserted protein. Additionally, the fusion proteiit can be modiiied to 
generate a class of cytotoxic molecules witli novel sensor capabilities. For example, the 
fosion protein allows ribonuclease activity to be turned on and offby ligand binding to 
an engineered reguiatory domain. Ligand binding domains from any one of a large 
number of proteins can pertbmi this fonction as long as they meet the structural design 
novel described hereinabove. This invention forms the basis for developing cytotoxic 
proteins that are activated by a wide variety of cell-specific effector molecules, atid can 
thus target cancerous or wally infected cells for destruction. 
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